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BACKGROUND: Exposure to coplanar polychlorinated biphenyls (PCBs) is linked to the development of insulin resistance. Previous studies suggested
PCB126 alters muscle mitochondrial function through an indirect mechanism. Given that PCBs are stored in fat, we hypothesized that PCB126 alters
adipokine secretion, which in turn affects muscle metabolism.
OBJECTIVES: We determined a) the impacts of PCB126 exposure on adipocyte cytokine/adipokine secretion in vitro; b) whether adipocyte-derived
factors alter glucose metabolism and mitochondrial function in myotubes when exposed to PCB126; and c) whether preestablished insulin resistance
alters the metabolic responses of adipocytes exposed to PCB126 and the communication between adipocytes and myotubes.
METHODS: 3T3-L1 adipocytes were exposed to PCB126 (1–100 nM) in two insulin sensitivity conditions [insulin sensitive (IS) and insulin resistant (IR)
adipocytes], followed by the measurement of secreted adipokines, mitochondrial function, and insulin-stimulated glucose uptake. Communication
between adipocytes and myotubes was reproduced by exposing C2C12 myotubes or mouse primary myotubes to conditioned medium (CM) derived from
IS or IR 3T3-L1 adipocytes exposed to PCB126.Mitochondrial function and insulin-stimulated glucose uptake were then determined inmyotubes.
RESULTS: IR 3T3-L1 adipocytes treated with PCB126 had significantly higher adipokine (adiponectin, IL-6, MCP-1, TNF-a) secretion and lower mi-
tochondrial function, glucose uptake, and glycolysis. However, PCB126 did not significantly alter these parameters in IS adipocytes. Altered energy
metabolism in IR 3T3-L1 adipocytes was linked to lower phosphorylation of AMP-activated protein kinase (p-AMPK) and higher superoxide dismu-
tase 2 levels, an enzyme involved in reactive oxygen species detoxification. Myotubes exposed to the CM from PCB126-treated IR adipocytes had
lower glucose uptake, with no alteration in glycolysis or mitochondrial function. Interestingly, p-AMPK levels were higher in myotubes exposed to
the CM of PCB126-treated IR adipocytes.

DISCUSSION: Taken together, these data suggest that increased adipokine secretion from IR adipocytes exposed to PCB126 might explain impaired
glucose uptake in myotubes. https://doi.org/10.1289/EHP7058

Introduction
Since 1990, the number of individuals with diabetes has quad-
rupled worldwide, where in 2014, 422million people were affected
by this disease (WHO 2020). Type 2 diabetes accounts for over
90% of diabetes cases (International Diabetes Federation 2020).
Type 2 diabetes is caused by insulin resistance in a number of tis-
sues and organs including the liver, adipose tissue, and skeletal
muscles, followed by a dysfunction of pancreatic b-cells. The de-
velopment of insulin resistance is multifactorial, involving the
interaction of genes and environmental–behavioral risk factors.

Due to its mass, skeletal muscle is responsible for up to 80% of
postprandial glucose disposal (Ferrannini et al. 1985) and it is,
therefore, a key player in the development of insulin resistance and
type 2 diabetes (Mogensen et al. 2007). Bonnard et al. (2008)
showed that insulin resistance was also related to muscle mito-
chondrial dysfunction, which was caused by oxidative stress in a
diet-induced insulin resistant mouse model. In addition, the accu-
mulation of visceral fat is also recognized as a major cause in the
development of insulin resistance and type 2 diabetes (Matsuda
and Shimomura 2013). As recently reviewed by Longo et al.

(2019) hypertrophied adipose tissue leads to increased inflamma-
tion and metabolic imbalance. Furthermore, alteration in the secre-
tion of cytokines/adipokines by dysfunctional adipose tissue,
including tumor necrosis factor a (TNF-a), leptin, and adiponectin
increased oxidative stress and induced mitochondrial dysfunction
and insulin resistance in other tissues including skeletal muscle as
reviewed by Scherer (2006) and Steinberg (2007). Therefore,
altered adipose tissue-derived factors may affect normal adipose-
to-muscle communication and thereby lead to the development of
insulin resistance and type 2 diabetes.

It has been recently hypothesized that exposure to environmen-
tal pollutants may explain the sharp increase in the prevalence of
type 2 diabetes (Pizzorno 2016). Epidemiological studies found a
correlation between exposure to various persistent organic pollu-
tants, such as polychlorinated biphenyls (PCBs) and p,p-dichlorodi-
phenylchloroethane (DDT), the development of insulin resistance
and type 2 diabetes (Everett et al. 2007; and reviewed by Neel and
Sargis 2011, Sargis 2014). PCBs are very stable compounds that
accumulate in adipose tissue due to their lipophilicity. The phenyl
rings and chlorine substituents arrangements dictate the PCBmech-
anism of action. Dioxin-like PCBs (coplanar), such as PCB77 and
PCB126, were associated with a wide range of toxic effects, such as
reproductive dysfunction, immunotoxicity, liver damage, metabolic
dysregulation, and developmental defects (WHO2010). Their toxic-
ity is mainlymediated through the activation of the aryl hydrocarbon
receptor (AhR) (Davis and Safe 1990). As reviewed by Giesy and
Kurunthachalam (2002), non-dioxin–like PCB exposure in rodents
was also associatedwith liver damage anddevelopmental andneuro-
logical effects, but their toxicity is not via AhR activity. Exposure to
PCBs most commonly found in the environment—PCB77, 118,
126, and 153, or mixtures of PCBs (e.g., Aroclor 1254)—resulted in
the development of insulin resistance and glucose intolerance in
rodents (Gray et al. 2013; Ruzzin et al. 2010; Zhang et al. 2015).
Furthermore, coplanar PCB exposure was linked to mitochondrial
dysfunction and inflammation in mice (Ruzzin et al. 2010), as well
as in adipocytes (Baker et al. 2013) and human umbilical vascular
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endothelial cells (Wang et al. 2010). Moreover, diet-induced insulin
resistance, adiposity, and adipose tissue inflammation in mice was
exacerbated by pollutants (Gray et al. 2013).

Despite the growing body of evidence supporting the role of co-
planar PCBs in the development of insulin resistance and type 2 di-
abetes, the effects of PCB exposure on the insulin sensitivity and
energy metabolism of skeletal muscle has not been thoroughly
investigated. Our group demonstrated that L6 skeletal muscle cells
exposed for 24 h to PCB126 had 20% lower glucose uptake and
glycolysis than vehicle-treated cells (Mauger et al. 2016). This
altered glucose metabolism in PCB126-treated L6 myotubes was
consistent with another study showing decreased glucose trans-
porter 4 (GLUT4) translocation and glucose uptake in muscle of
rats exposed to a mixture of PCBs (Williams et al. 2013).
Furthermore, we recently demonstrated that rats exposed acutely
to PCB126 had lower mitochondrial function measured in perme-
abilized muscle fibers that was associated with an alteration in the
expression levels of a number of enzymes involved in reactive oxy-
gen species (ROS) detoxification (Tremblay-Laganière et al.
2019). However, no mitochondrial dysfunction was detected
in vitro in L6 muscle cells exposed directly to PCB126 (Mauger
et al. 2016). Skeletal muscle response to PCB126was therefore dif-
ferent in vivo (whole organism) and in vitro (direct exposure of
muscle cells to PCB126). Taken together, these studies suggest
that the development of mitochondrial dysfunction in the skeletal
muscle of rats exposed to PCB126 was not the result of a direct
effect of the pollutant onmusclemitochondria.

Because of their lipophilic properties, PCBs accumulatemostly
in adipose tissue (Beyer and Biziuk 2009; Imbeault et al. 2002;
Kodavanti et al. 1998; Matthews and Dedrick 1984). Therefore,
we hypothesized that PCB126 might first induce adipose tissue
dysfunction, resulting in altered adipokine and inflammatory cyto-
kine secretion, which in turn could induce mitochondrial dysfunc-
tion in skeletal muscle. The overall aim of the present study was
thus to study the role of adipose-to-muscle communication in
PCB126-induced metabolic defects using an in vitro model. The
specific objectiveswere a) to determine the effect of PCB126 expo-
sure on adipocyte cytokine/adipokine production in vitro; b) to test
whether the communication between adipose tissue and muscle
explains both abnormal muscle glucose metabolism and muscle
mitochondrial dysfunction when exposed to PCB126; and c) to
determine whether insulin resistance in adipocytes alters their
responses to PCB126 and alters the communication between adi-
pocytes andmuscle cells.

Methods

Cell Culture
All cell lines were cultured in a humidified incubator [Thermo
Scientific Forma Steri-Cycle™ carbon dioxide (CO2) incubator]
at 37°C with 5% CO2.

3T3-L1 Adipocytes
3T3-L1 (ATCC® CL-173™) were grown in low-glucose Dulbecco’s
Modified Eagle Medium (DMEM) (1:0 g=L glucose, 4mM L-glu-
tamine and 110 mg=L sodium pyruvate; Wisent), 10% calf serum
(Wisent), and 1× antimycotic–antibiotic (AA; Wisent). The me-
dium was changed every 2 d until cells reached approximately
90% confluence. 3T3-L1 cells were then differentiated into adipo-
cytes for 10 d using three different adipocyte differentiation media
(ADM1, ADM2, and ADM3) (Table 1) at specific times as
described in Figure 1. Insulin resistance (IR) was induced by using
differentiation media with high concentrations of insulin (500 nM;
Sigma-Aldrich; see Table 1 for details). For insulin sensitive (IS)
adipocytes, the concentration of insulin in ADM1 and ADM2 was
100 nM and no insulin was present in ADM3 (Table 1).

C2C12 Muscle Cells
C2C12 myoblasts (Sigma-Aldrich) were grown in low-glucose
DMEM, 10% fetal bovine serum (FBS; Wisent), and 1× AA.
The medium was refreshed every other day until cells reached
approximately 90% confluence. C2C12 cells were then differenti-
ated into myotubes for 7 d in low-glucose DMEM, 2% FBS, and
1× AA. Differentiation medium was refreshed every 2 or 3 d.

Mouse Primary Muscle Cells
Mouse primary myoblasts derived from gastrocnemius and tibi-
alis muscles of wild-type mice with a C57BL/6J background
were a kind gift from M. Foretz (Institut Cochin, Paris, France).
Mouse primary muscle cells were cultured on Matrigel® (1 × in
DMEM; Corning)-coated equipment in a DMEM:F12 1:1 me-
dium (Wisent), supplemented with 20% FBS, 1 × AA, 3 lg=mL
gentamicin (Wisent), and 5 ng=mL recombinant mouse fibroblast
growth factor basic (ThermoFisher). At approximately 90% con-
fluence, mouse primary muscle cells were differentiated into
myotubes for 7 d in low-glucose DMEM supplemented with 2%
FBS, 1 × AA, and 3 lg=mL gentamicin. Differentiation medium
was refreshed every 2 or 3 d.

Table 1. Composition of adipocyte (3T3-L1) differentiation media.

Adipocyte insulin
sensitivity status ADM1 ADM2 ADM3

IS adipocytes DMEM low glucose (1 g/L),
10% FBS, 0:5mM IBMX, 1 lM
dexamethasone,
1 × AA, 100 nM insulin

DMEM low glucose (1 g/L),
10% FBS, 1 × AA, 100 nM insulin

DMEM low glucose (1 g/L),
10% FBS, 1 × AA

IR adipocytes DMEM low glucose (1 g=L),
10% FBS, 0:5mM IBMX,
1 lM dexamethasone,
1 × AA, 500 nM insulin

DMEM low glucose (1 g=L),
10% FBS, 1 × AA, 500 nM insulin

Note: AA, antimycotic–antibiotic; ADM, adipocyte differentiation medium; DMEM, Dulbecco’s Modified Eagle Medium; IBMX, 3-isobutyl-1-methylxanthine; IR, insulin resistant;
IS, insulin sensitive.

Differentiation period

Day 0 to 2 Day 2 to 4 Day 4 to 6 Day 6 to 8 Day 8 to 10

ADM1 ADM2 ADM1 ADM2 ADM3IS adipocytes

ADM1 ADM2 ADM1 ADM2 ADM2IR adipocytes

Figure 1. Detailed differentiation protocol of 3T3-L1 adipocytes. 3T3-L1
cells were differentiated for a total period of 10 d using different adipocyte
differentiation media (ADM) as described in the figure. The composition of
each ADM is described in detail in Table 1. Note: IR, insulin resistant; IS,
insulin sensitive.
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PCB126 Treatments
Treatments were done once the adipocytes were fully differentiated
to study the impact of PCB126 on the secretome and metabolism of
mature adipocytes. On Day 10 of differentiation, adipocytes were
exposed to 0, 1, 10, or 100 nM of PCB126 (ULTRA Scientific) dis-
solved in 0.1%dimethyl sulfoxide (DMSO;Sigma-Aldrich) for 24 h.
These concentrationswere chosen to represent environmentally rele-
vant PCB126 concentrations. In fact, exposure to PCB126 in
Canadian Inuit population wasmeasured to be between 0:05 nM and
27 nM (Singh and Chan 2017), whereas the daily intake of PCB126
was estimated to be 12 pg=d (U.S. EPA 2003).Untreated cells (0 nM
PCB126) were exposed to 0.1% DMSO (vehicle). In order to deter-
mine whether some factors secreted by adipocytes upon exposure to
PCB126 altered themetabolism ofmyotubes, after the 24-h PCB126
treatment, the conditioned medium (CM) of adipocytes was used to
treat differentiated C2C12myotubes ormouse primarymyotubes for
24 h. This model was chosen over the coculture model to study the
unidirectional communication from adipocytes to myotubes. As a
control condition, differentiated myotubes were also treated with the
same concentrations of PCB126 in ADM2 (IR) or ADM3 (IS) for 24
h (direct exposure). After the 24-h treatments, cells were prepared
for the different experiments described below.

Cell Viability
To determine whether the different treatments affected cell sur-
vival, viability was measured using the PrestoBlue® method
(ThermoFisher) according to manufacturer’s instructions. 3T3-L1
and C2C12 cells were grown and differentiated in 96-well plates
(20,000 cells/well) and treated with PCB126 or 3T3-L1 CM for
24 h as described above. Cells were then incubated for 30min in 1×
PrestoBlue® reagent and absorbance was measured at 570 nm and
600 nm (reference wavelength) (Synergy™ HT multi-mode micro-
plate reader; BioTek instruments). Each experiment was done in
triplicate for 3T3-L1 adipocytes and in six replicates for C2C12
myotubes, and repeated on three independent cultures (n=3).

Lipid Accumulation
To determine whether PCB126 treatments or IS and IR conditions
had an effect on 3T3-L1 and C2C12 intracellular lipid accumula-
tion, lipid droplets were stained by Oil Red O (Sigma-Aldrich).
Lipid accumulation is an indicator of adipocyte differentiation. In
muscle cells, intramyocellular lipid accumulation is believed to be
related to insulin resistance development (Aguer et al. 2010;
Krssak et al. 1999; Perseghin et al. 1999). For these experiments,
3T3-L1 cells were grown and differentiated in 6-well plates,
whereas C2C12 cells were grown and differentiated in 12-well
plates. The cells were treated with PCB126 or 3T3-L1 CM as
described above, and then fixed with 4% paraformaldehyde (Alfa
Aesar) in phosphate-buffered saline for 10 min. Lipid droplets
were stained with 0.5% Oil Red O dissolved in chloroform:ethanol
(1:1; Fisher Scientific) for 10 min, as previously described (Aguer
et al. 2010). Cells were washed three times with distilled water and

visualized by light microscope (EVOS XL Core Imaging System)
using a 40 × objective and a constant light intensity. Oil Red O
was then extracted with 70% isopropanol (Fisher Scientific) and
absorbance read at 490 nm (Aguer et al. 2010). Each experiment
was done in duplicate and repeated on three independent cell cul-
tures (n=3).

mRNA Quantification by Quantitative Reverse
Transcription Polymerase Chain Reaction (RT-qPCR)
3T3-L1 cells were grown and differentiated in six-well plates fol-
lowed by 24-h treatment with PCB126, as described above. Cells
were then lysed using RNease lysis buffer with 1% mercaptoetha-
nol (Sigma-Aldrich) from the RNeasy Mini Kit (Qiagen) and
lysates were stored at –80�C. Total RNA was extracted from cell
lysates using the RNase Mini Kit where genomic DNA was
removed using the RNase-Free DNase Kit (Qiagen) following
the manufacturer’s recommendations. RNA concentration and
extraction quality were measured using a NanoDrop™ 1000
Spectrophotometer (ThermoFisher). Then, 0:5 lg RNA was
reverse transcribed with iScript Complementary DNA (cDNA)
Synthesis Kit (Bio-Rad) following the manufacturer’s protocol in
a CFX96-polymerase chain reaction (PCR) Detection System
(Bio-Rad). cDNA was amplified and quantified in a CFX96-PCR
Detection System using the iQSYBR SsoFast EvaGreen Supermix
(Bio-Rad). Primers for each target genes are summarized in Table
2. All genes were normalized to b-actin levels and analyzed using
the comparative cycle threshold (CT) (DDCT) method, as previ-
ously described (Schmittgen and Livak 2008). Each independent
experiment (n=3)was done in triplicate.

Adipokine Measurements
To determine whether the different treatments affected cytokine and
adipokine secretion, 3T3-L1 cells were grown and differentiated in
6-well plates followed by 24-h treatments as described above. At
the end of the treatments, culture media were collected and stored
at –80�C until further cytokine/adipokine measurements. Cells
were lysed in 0:05 M sodium hydroxide (NaOH; Fisher Scientific)
and protein quantified using the Bradford method (Bio-Rad).
Cytokine/adipokine [interleukin-6 (IL-6), TNF-a, leptin, adipo-
nectin, monocyte chemoattractant protein-1 (MCP-1), plasmino-
gen activator inhibitor-1 (PAI-1), and resistin] concentrations in
the different culture media were determined by the Bio-Plex
method using the mouse adipocyte magnetic bead panel kit
(MADCYMAG-72K-07; Millipore), according to manufacturer’s
instructions (EMDMillipore 2013). Samples were diluted 20 × in
DMEM low glucose and 10 lL of each sample and standards were
added to the detection beads and stirred rapidly at room tempera-
ture for 2 h, washed three times followed by addition of secondary
antibodies coupled to biotin for 30 min. After three washes, strep-
tavidin–phycoerythrin conjugate was added to each well for
10 min at room temperature, rinsed three times, and read by the
Bio-Plex (Bio-Plex MAGPIX Multiplex Reader; Bio-Rad). Each
experiment was done in duplicate and repeated with media from
three independent experiments (n=3).

Adipokines measured with the Bioplex method are expressed
relative to the vehicle condition because experiments were done
independently for IS and IR conditions (preparation of samples
and Bioplex experiments done at different times). In order to
compare IS and IR conditions, and to confirm the Bioplex results,
some adipokines were also remeasured, using enzyme-linked im-
munosorbent assay (ELISA) kits, in the CM of adipocytes pre-
pared in parallel for IS and IR conditions. Levels of adiponectin
in the CM were determined after a 1:1,000 dilution using the adi-
ponectin mouse ELISA kit (EKL54022; Biomatik). Levels of IL-

Table 2. Primer sequence used for quantitative reverse transcription polymerase
chain reaction (RT-qPCR).

Target Gene Primer sequence

Il-6 Forward: 5 0-GCCTTCTTGGGACTGATGCT-3 0
Reverse: 5 0-TGCCATTGCACAACTCTTTTC-3 0

Adiponectin Forward: 5 0-TGACGACACCAAAAGGGCTC-3 0
Reverse: 5 0-CACAAGTTCCCTTGGGTGGA-3 0

Cyp1a1 Forward: 5 0-CATTTGAGAAGGGCCACATCC-3 0
Reverse: 5 0-TGTGTCAAACCCAGCTCCAA-3 0

b-actin Forward: 5 0-GACTTCGAGCAAGAGATGGC-3 0
Reverse: 5 0-CCAGACAGCACTGTCTTGGC-3 0
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6 were measured after a 1:2 CM dilution using the IL-6 mouse
ELISA kit (BMS603-2; Thermo-Fisher). Levels of leptin and
TNF-a were determined in undiluted samples using the leptin
mouse ELISA kit (EKB01861; Biomatik) and the TNF-a mouse
ELISA kit (EKA51917; Biomatik), respectively. Each measure-
ment was done in duplicate and repeated with media from three
or four independent experiments (n=3–4).

Lipolysis
To determine whether PCB126 or insulin sensitivity status in adi-
pocytes had an impact on lipolysis, glycerol and free fatty acids
(FFAs) were quantified in the adipocyte media by using a lipolysis
quantification kit (LIP-3-NC-L1; ZenBIO) following the manufac-
turer’s protocol. Briefly, 3T3-L1 adipocytes were differentiated
and treated with PCB126 as described above, in 96-well plates
(20,000 cells/well). Then, they were incubated for 3 h in assay
buffer with PCB126. The media was used to quantify FFA and
glycerol secretion. Absorbance was read at 540 nm. Each experi-
ment was done in triplicate and repeated with media from three in-
dependent experiments (n=3).

Mitochondrial Respiration and Glycolysis
3T3-L1 and C2C12 energy metabolism—mitochondrial function
and glycolysis—were measured by determination of oxygen con-
sumption rates (OCRs) and of extracellular acidification rates
(ECARs), respectively, using an extracellular flux analyzer
(Seahorse XFe96; Agilent). The protocol provided by Seahorse
Bioscience was followed for these experiments with slight modi-
fications. At the end of the 24-h treatments, cells were rinsed
three times with assay buffer (8:3 g=L DMEM, 2mM sodium py-
ruvate, 5mM dextrose, and 0:75mM L-glutamine, pH 7.4; all
from Sigma-Aldrich). Cells were then incubated at 37°C, without
CO2, in 180 lL of assay buffer for 45 min. OCR and ECAR were
first measured at baseline for four cycles including: a 2-min mea-
surement, medium mixing for 2 min, and a 2-min pause before
starting the next cycle. Then, inhibitors of the respiratory chain
were injected into each well in the following order: oligomycin,
carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP),
and antimycin A (all from Sigma-Aldrich). After each injection,
OCR and ECAR were measured for three cycles (measuring,
mixing, rest; 2 min each). Final inhibitor concentrations used
were 600 ng=mL oligomycin, 1 lM FCCP, and 2 lM antimycin
A for 3T3-L1 and 600 ng=mL oligomycin, 1 lM FCCP, and
4 lM antimycin for C2C12. At the end of the experiment, cells
were lysed in 50 lL of 0:05 M NaOH and proteins were quanti-
fied by the Bradford method. Mitochondrial OCR [non-
mitochondrial OCR (antimycin A condition) subtracted from
total OCR] and ECAR values are expressed per microgram of
total cellular proteins. Each experiment was done in five or six
replicates and repeated on four independent cultures (n=4).

Glucose Uptake
3T3-L1, C2C12, and mouse primary muscle cells were grown and
differentiated in 24-well plates (100,000 cells/well) or 48-well plates
(50,000 cells/well), followed by 24-h treatments, as described
above. Glucose uptake was measured as described by Klip et al.
(1984). After PCB126 treatment, cells were starved for 3 h in
serum-free DMEM. During the last 20 min of the starvation period,
100 nM insulin was added in half of the wells. Cells were then
washed and incubated in 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES) buffered saline [140mM sodium chloride
(NaCl; Fisher Scientific), 20mM HEPES-Na (Sigma-Aldrich),
5mM potassium chloride (Fisher Scientific), 2:5mM magnesium
sulfate; Fisher Scientific), and 1mM calcium chloride (Sigma-

Aldrich); pH 7.4] with 10 lM 2-deoxy-glucose (Sigma-Aldrich)
and 0:5 lCi=mL 3H-2-deoxy-glucose(Perkin Elmer). Cytocholasin
B (5 lM; Sigma-Aldrich) was used to determine nonspecific glu-
cose uptake. Cells were lysed in 0:5 mL of 0:05 M NaOH and
0:4 mL were measured by scintillation counting with a Tri-
Carb2910TR counter (Perkin Elmer). The remaining cell lysate was
used to determine protein content using a Bradford protein assay.
Each experiment was done in triplicate and repeated on three or four
independent cultures (n=3–4).

Western Blots
3T3-L1 adipocytes and C2C12myotubes were lysed in lysis buffer
(20mM Tris-hydrochloride, 50 nM NaCl, 250mM sucrose, 1%
100× Triton™, 50mM sodium fluoride, 5mM sodium pyrophos-
phate, 1mM sodium orthovanadate). Twenty to 30 lg of proteins
were separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis and then transferred to nitrocellulose membranes
(GE Healthcare). Monoclonal anti-glutathione peroxidase 1
(anti-GPx1; ab108427), monoclonal anti-GPx4 (ab125066), pol-
yclonal anti-glutaredoxin 2 (anti-Grx2; ab191292), MitoProfile®
Total OXPHOS Rodent WB Antibody Cocktail (anti-ATP5a,
anti-complex III, anti-complex II; MS604) (all from Abcam),
monoclonal anti-catalase (D5N7V; #14097), polyclonal anti-
a-tubulin (#2144), monoclonal glyceraldehyde-3-phosphate dehy-
drogenase (14C10), monoclonal anti-AS160 [protein kinase B (Akt)
substrate of 160 kDa; C6947; #2670S], polyclonal antiphospho-
AS160 (Thr 642; #4288S), polyclonal anti-phospho-insulin receptor
substrate 1 (anti-p-IRS1; S307; #2381S), polyclonal anti-phospho-Akt
(S473; #9271S), monoclonal anti-Akt (C67E7; #4691S), polyclonal
3a=b (GSK3; S2119; #9331S), polyclonal anti-phospho-AMP-
activated protein kinase (p-AMPK; #2535S), polyclonal anti-AMPK
(#2532S) (all from Cell Signaling Technology), and polyclonal anti-
superoxide dismutase (SOD2) (sc-30080, Santa Cruz), were used as
primary antibodies at a dilution of 1:1000. The secondary antibodies
used were anti-mouse (sc-516102) and anti-rabbit (sc-2357) antibod-
ies coupled to horseradish peroxidase (Santa Cruz), diluted 1:5,000.
Proteins were visualized using SuperSignal West Pico Western Blot
Kit (34580; Thermo Scientific) or ClarityWestern enhanced chemilu-
minescence Substrate (170-5061; Bio-Rad) and imaged using a
ChemiDoc™ Imager and VisionWorks LS (Ultra-Violet Products
Ltd., UVP™). Expression of proteins was quantified by densitometry
analysis using ImageJ program (Schneider et al. 2012).

Statistical Analysis
Data shown are the means± standard error of the mean (SEM) of
at least three independent experiments. First, the average of the
technical replicates within each independent experiment was
determined, and then the mean of the three to four independent
experiments were calculated. The SEM presented on the figures
represents the SEM of the independent experiments. A Student’s
t-test or one- or two-way analysis of variance (ANOVA) with
Fisher’s protected least significant difference (PLSD) post hoc
test were used to determine statistical differences using Statview
software (version 5.0; SAS Institute) and GraphPad Prism (ver-
sion 6.0e; GraphPad). With the Fisher’s PLSD post hoc test used,
we compared only PCB126-treated cells to the vehicle (0 nM
PCB, 0.1% DMSO). A p<0:05 was considered significant.

Results

Effect of Insulin Concentrations on Insulin Sensitivity and
Lipid Accumulation in Differentiating 3T3-L1 Adipocytes
In order to induce insulin resistance in 3T3-L1 adipocytes, 3T3-
L1 cells were exposed to high concentrations of insulin (500 nM)
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during differentiation (IR condition). Insulin-stimulated glucose
uptake was significantly higher in 3T3-L1 adipocytes in the IS
condition than in the IR condition (Figure S1A, fold increase in
response to insulin: p=0:0438 IS vs. IR). Moreover, there was
no difference in lipid accumulation between IS and IR 3T3-L1
adipocytes in basal conditions (no acute insulin treatment), sug-
gesting that the two differentiation protocols did not affect adipo-
genesis (Figure S1B).

Effect of Direct and Indirect PCB126 Exposure on Lipid
Accumulation and Cell Viability in IS and IR Adipocytes
and C2C12 Myotubes
We determined the effect of PCB126 or CM treatments on neutral
lipid accumulation and cell viability in IS and IR 3T3-L1 adipo-
cytes and C2C12 myotubes. As shown in Figure S2, neither
PCB126/CM treatments nor IS or IR conditions significantly
altered intracellular lipid accumulation (Figure S2A) and cell via-
bility (Figure S2B) in 3T3-L1 adipocytes and C2C12 myotubes.

Effect of Direct and Indirect PCB126 Exposure on Cyp1a1
mRNA Expression in IS and IR Adipocytes and C2C12
Myotubes
3T3-L1 adipocytes exposed to 100 nM PCB126 for 24 h had a 35-
fold and a 85-fold higher expression of the gene for cytochrome
P450 family 1 subfamily A member 1 (Cyp1a1) mRNA in IS and
IR conditions, respectively, compared with vehicle-treated cells
(p=0:0026; Figure 2A). No significant differences in Cyp1a1
expression levels were observed in the IS vs. IR conditions (Figure
2A). Direct exposure of C2C12 to PCB126 or exposure of C2C12
to CM from PCB126-treated adipocytes at the highest concentra-
tions (10 and 100 nM) also resulted in higherCyp1a1mRNA, but it
did not reach statistical significance (Figure S3).

Adipocytokine Expression and Secretion by Adipocytes in
Response to PCB126 Treatment in IS and IR Conditions
We then determined whether a 24-h PCB126 exposure altered the
cytokine profile in IS and IR 3T3-L1 adipocytes by assessing
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Figure 2. Effect of PCB126 exposure and insulin sensitivity conditions on adipokine expression and secretion in 3T3-L1 adipocytes. 3T3-L1 adipocytes were
differentiated in insulin sensitive (IS) and insulin resistant (IR) conditions and treated for the last 24 h of differentiation with different PCB126 concentrations.
(A–C) Cyp1a1 (A), adiponectin (B), and Il-6 (C) mRNA levels normalized to b-actin mRNA levels and analyzed using the comparative cycle threshold (CT)
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are presented relative to the vehicle as mean ±SEM. n=3 independent experiments, each independent experiment was done in two replicates. **, p<0:01
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mRNA expression and secretion of cytokines/adipokines. IS adi-
pocytes treated with 1 and 10 nM PCB126 had significantly lower
expression of adiponectin mRNA compared with vehicle-treated
cells (p=0:0492 and 0.0397, respectively; Figure 2B). In IR adi-
pocytes, PCB126 treatment did not significantly alter adiponectin
mRNA expression, but adiponectin mRNA expression was sig-
nificantly lower in IR compared with IS adipocytes, independent
of PCB126 treatment (IR effect: p=0:0003; Figure 2B). Il-6
mRNA expression was similar in PCB126-exposed IS and IR
adipocytes (Figure 2C), although it trended higher in IR adipo-
cytes compared with IS adipocytes; however, it did not reach sta-
tistical significance (IR effect: p=0:0838; Figure 2C). In
addition, in IS adipocytes, PCB126 treatment did not significantly
alter the secretion of cytokines/adipokines (Figure 2D). However,
compared with vehicle-treated cells, IR adipocytes treated with
100 nM PCB126 did have a significantly higher secretion of adi-
ponectin (p=0:0098), IL-6 (p=0:0002), MCP-1 (p=0:0018),
and TNF-a (p<0:0001) and tended to have higher secretion of
PAI-1 (p=0:0967) (Figure 2E). Leptin was not detected in the
CM of IR adipocytes treated with 0, 1, or 10 nM PCB126,
whereas it was detected when IR adipocytes were treated with
100 nM PCB126, suggesting higher leptin secretion when
exposed to 100 nM PCB126 (Figure S4A). Resistin was also
measured in the CM of IS and IR adipocytes, but it was not
detected with the kit used. In this first set of experiments, IS and
IR adipocytes were not prepared at the same time, preventing the
comparison between the two differentiation conditions. In order
to compare adipokine secretion between IS and IR conditions,
and to confirm results obtained with the Bioplex method, some
adipokines were also measured by ELISA kits. IL-6 levels were
significantly higher in the medium of IR adipocytes compared
with IS adipocytes, independent of PCB126 treatments (IR
effect: p=0:0062; Figure S4B). Both IS and IR adipocytes had
significantly higher secretion of IL-6 after exposure to 100 nM
PCB126 (PCB126 effect: p=0:0313). Adiponectin levels were
higher in the medium of IR compared with IS adipocytes, inde-
pendent of PCB126 treatments (IR effect: p<0:001), whereas
adiponectin levels in the medium of both IS and IR adipocytes
were significantly higher after exposure to 10 nM PCB126 com-
pared with vehicle-treated cells (PCB126 effect: p=0:0093;
Figure S4C). Leptin levels were not significantly different
between IS and IR conditions, and PCB126 treatments did not
alter leptin levels in the medium of either IS or IR adipocytes
(Figure S4D). This result does not confirm the higher leptin
secretion in the medium of IR adipocytes measured with the
Bioplex method. It is, however, important to note that leptin
levels measured in the medium of adipocytes was very low and

close to the detection level of the ELISA kit used, which can
explain the absence of measured effects. TNF-a was also meas-
ured in the medium of adipocytes but was not detected with the
ELISA kit used.

Effect of PCB126 Treatment and Insulin Resistance on
Lipolysis
We then determined whether a 24-h PCB126 exposure or insulin
resistant conditions altered the rate of lipolysis in 3T3-L1 adipo-
cytes as measured by FFA and glycerol secretion. IS adipocytes
exposed to 10 and 100 nM PCB126 for 24 h had lower lipolytic
rates compared with the vehicle condition (for FFA concentra-
tion: p=0:049 and p=0:0147 for 10 and 100 nM PCB126,
respectively) (Figure 3A). However, in IR adipocytes, a 24-h
PCB126 treatment did not significantly alter the lipolytic rate
(Figure 3). In addition, IR adipocytes had a significantly lower li-
polytic rate than IS adipocytes (IR effect: p=0:0009 and
p=0:0005 for FFA concentration and glycerol concentration,
respectively) (Figure 3).

Effect of Direct or Indirect PCB126 Exposure on
Mitochondrial Function in IS and IR Adipocytes and
Myotubes
Mitochondrial function in IS and IR adipocytes directly treated
with PCB126. We first determined the effect of a 24-h exposure
to PCB126 in IS and IR conditions on adipocyte mitochondrial
function. In IS adipocytes, OCR was not altered by a 24-h
PCB126 exposure (Figure 4A), whereas IR adipocytes treated
with 1 or 10 nM PCB126 had significantly lower OCRs and pro-
ton leak (state 4) OCRs (Figure 4B) (for 1 nM p=0:0279 and
0.0429 and for 10 nM p=0:0480 and 0.0448 for resting and pro-
ton leak OCR, respectively). To determine if this altered mito-
chondrial function in IR adipocytes exposed to PCB126 was the
result of lower levels of mitochondrial complexes, we measured
the impact of PCB126 on the expression of the respiratory chain
complexes (Figure 4C,D). IR adipocytes treated with 100 nM
PCB126 showed significantly higher ATP5A expression com-
pared with vehicle-treated cells (p=0:0065). A slightly higher
ATP5A protein expression was also seen at 10 nM (p=0:0607).
There was also a tendency for higher expression of complexes II
and III with 24-h PCB126 exposure in IR adipocytes, without
reaching significance.

Mitochondrial function in C2C12 myotubes directly treated
with PCB126 or treated with the CM of PCB126-treated adipo-
cytes. We then determined whether exposure to CM from 3T3-
L1 adipocytes exposed to PCB126 altered mitochondrial
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Figure 3. Effect of PCB126 exposure and insulin sensitivity conditions on lipolysis in 3T3-L1 adipocytes. 3T3-L1 adipocytes were differentiated in insulin sen-
sitive (IS) and insulin resistant (IR) conditions and treated for the last 24 h of differentiation with different PCB126 concentrations. As markers of lipolysis,
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found in Tables S6 and S7. Note: ANOVA, analysis of variance; PLSD, protected least significant difference; SEM, standard error of the mean.
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function in C2C12 myotubes (Figure 4E,F). As a control condi-
tion, we also exposed C2C12 myotubes directly to PCB126 for
24 h (Figure 4G,H). In contrast to our initial hypothesis, treat-
ment of C2C12 myotubes with CM from IS or IR PCB126-
treated adipocytes did not alter mitochondrial function (Figure

4E,F). Unexpectedly, control myotubes directly exposed to
100 nM PCB126 showed a significantly higher resting OCR,
proton leak OCR, and maximal mitochondrial capacity
compared with vehicle-treated cells (IS control myotubes:
p=0:0037 and 0.0302, for resting OCR and maximal capacity,
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Figure 4.Mitochondrial function in 3T3-L1 adipocytes exposed to PCB126 in different insulin sensitivity conditions and in C2C12 myotubes exposed to the
conditioned medium (CM) of insulin sensitive (IS) and insulin resistant (IR) adipocytes treated with PCB126. (A,B) 3T3-L1 adipocytes were differentiated in
IS (A) and IR (B) conditions and treated for the last 24 h of differentiation with different PCB126 concentrations. (C,D) Levels of mitochondrial complexes
(complexes II and III and ATPase) in 3T3-L1 adipocytes differentiated in IR conditions and exposed for 24 h to different concentrations of PCB126. (C)
Quantification by density analysis; (D) representative Western blots. a-Tubulin was used as a loading control. n=3 independent experiments. (E,F)
Differentiated C2C12 myotubes were exposed for the last 24 h of differentiation to the CM of 3T3-L1 adipocytes exposed to different PCB126 concentrations
in IS (E) or IR conditions (F). (G,H) Differentiated C2C12 myotubes were directly exposed for the last 24 h of differentiation to different PCB126 concentra-
tions in IS (G) or IR conditions (H). Oxygen consumption rates (OCRs) were measured with a Seahorse analyzer (Agilent). OCRs were first measured in rest-
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**, p<0:01 compared with 0 nM (one-way ANOVA with Fisher’s PLSD post hoc test). The exact mean and SEM values for data presented here can be found
in Tables S8–S14. Note: ANOVA, analysis of variance; PLSD, protected least significant difference; SEM, standard error of the mean.
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respectively; IR myotubes: p=0:0555 and 0.0438, for resting
and proton leak OCRs, respectively; Figure 4G,H).

Effect of Direct or Indirect PCB126 Exposure on Glucose
Uptake in IS and IR Adipocytes and Myotubes

Glucose uptake in IS and IR adipocytes directly treated with
PCB126. We then determined the effect of direct and indirect
exposure to PCB126 on basal and insulin-stimulated glucose
uptake in adipocytes and myotubes. Whereas adipocytes treated
with insulin in IS conditions had significantly higher glucose
uptake (Figure 5A), there was no significant difference in glu-
cose uptake in response to insulin in IR adipocytes (Figure 5C).
PCB126 exposure did not significantly alter basal or insulin-
stimulated glucose uptake in IS adipocytes (Figure 5A and B),

but IR adipocytes treated with 100 nM PCB126 had signifi-
cantly lower glucose uptake in basal and insulin-stimulated
conditions (PCB126 effect, p=0:0305; Figure 5C and D). This
difference in glucose uptake in IR adipocytes exposed to
100 nM PCB126 was not linked to any alteration in the phos-
phorylation of proteins of the insulin signaling pathway
(p-IRS1, p-Akt, p-AS160; Figure S5A).

Glucose uptake in C2C12 myotubes directly treated with
PCB126 or treated with the CM of PCB126-treated adipocytes.
We then wanted to determine whether exposure to CM from 3T3-
L1 adipocytes exposed to PCB126 altered glucose uptake in
C2C12 myotubes (Figure 5E,F). As a control condition, we also
exposed C2C12 myotubes directly to PCB126 for 24 h (Figure
S6A). In control C2C12 myotubes, direct exposure to PCB126 did
not significantly alter glucose uptake (Figure S6A). Exposure to
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Figure 5. Glucose uptake in 3T3-L1 adipocytes exposed to PCB126 in different insulin sensitivity conditions and in C2C12 or mouse primary myotubes
exposed to the conditioned medium (CM) of insulin sensitive (IS) and insulin resistant (IR) adipocytes treated with PCB126. (A–D) 3T3-L1 adipocytes were
differentiated in IS (A,B) and IR (C,D) conditions and treated for the last 24 h of differentiation with different PCB126 concentrations. (A,C) Glucose uptake;
(B,D) fold increase in glucose uptake in response to insulin. (E,F) Differentiated C2C12 myotubes were exposed for the last 24 h of differentiation to the CM
of 3T3-L1 adipocytes exposed to different PCB126 concentrations in IS (E) or IR (F) conditions. (G,H) Differentiated mouse primary myotubes were exposed
for the last 24 h of differentiation to the CM of 3T3-L1 adipocytes exposed to different PCB126 concentrations in IS conditions. (G) Glucose uptake; (H) fold
increase in glucose uptake in response to insulin. (A–H) After differentiation and treatments, cells were subsequently treated ± 100 nM insulin for 20 min and
exposed to 10 lM 2-deoxy-glucose and 0:5 lCi=mL 3H-2-deoxy-glucose for 10 min. The absolute values of 2-deoxyglucose uptake under basal state (no insu-
lin, no PCB126) were between 20 and 50 pmol=min=lg in 3T3-L1 adipocytes, between 50 and 80 pmol=min=lg in C2C12, and between 10 and
40 pmol=min=lg in mouse primary myotubes. Data are presented relative to the vehicle as mean ± SEM. n=3–4 independent experiments, each independent
experiment was done in three replicates. *, p<0:05, **, p<0:01, and ***, p<0:001 compared with 0 nM; #, p<0:05 compared with basal condition (no insulin)
(for glucose uptake ± insulin: two-way ANOVA with Fisher’s PLSD post hoc test; for fold increase in response to insulin: one-way ANOVA with Fisher’s
PLSD post hoc test). The exact mean and SEM values for data presented here can be found in Tables S15–S19. Note: ANOVA, Analysis of variance; PLSD,
protected least significant difference; SEM, standard error of the mean.
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CM from IS 3T3-L1 adipocytes (i.e., indirect PCB126 exposure)
did not significantly alter glucose uptake in IS CM C2C12 myo-
tubes in either basal or insulin conditions (Figure 5E). In contrast,
C2C12 myotubes exposed to CM from IR 3T3-L1 adipocytes
treated with 10 or 100 nM PCB126 had significantly lower glucose
uptake in basal and insulin conditions compared with vehicle-
treated cells (p=0:0349 and p=0:0006, respectively) (Figure 5F).
As in IR adipocytes treated with PCB126, this lower glucose
uptake in IR CMC2C12 myotubes was not linked to any alteration
of the phosphorylation of proteins of the insulin signaling pathway
(p-Akt, p-GSK3; Figure S5B).

Glucose uptake in mouse primary myotubes directly treated
with PCB126 or treated with the CM of PCB126-treated adipo-
cytes. It is recognized that insulin-stimulated glucose uptake is
weak in C2C12 myotubes (Nedachi and Kanzaki 2006), and as
expected, insulin treatment did not significantly increase glu-
cose uptake in this model (Figure 5E and Figure S6A). Since
one objective of the present study was to determine whether ex-
posure to CM from PCB126-treated adipocytes altered insulin-
stimulated glucose uptake in myotubes, we then used mouse
primary myotubes, a muscle cell model more sensitive to insu-
lin. Surprisingly, IS control myotubes directly exposed to
10 nM PCB126 tended to have a higher basal glucose uptake,
without reaching significance (p<0:1; Figure S6B). IR control
myotubes treated with insulin did not have a higher glucose
uptake compared with the basal condition, suggesting that the
high insulin levels in IR conditions also induced insulin resist-
ance in mouse primary muscle cells (Figure S6B). As a conse-
quence, the effect of CM from IR adipocytes treated with
PCB126 on insulin-stimulated glucose uptake in mouse primary
myotubes could not be determined in IR conditions because the
cells were already insulin resistant without PCB126 treatments.
We then determined whether the CM from PCB126-treated

adipocytes altered glucose uptake in mouse primary myotubes.
A 24-h exposure to the CM from IS or IR adipocytes did not
significantly alter basal glucose uptake in mouse primary myo-
tubes compared with myotubes treated with the CM of vehicle-
treated adipocytes (i.e., 0 nM PCB126) (Figure 5G and Figure
S6C). However, the fold-differences in glucose uptake in
response to insulin was less in mouse primary myotubes
exposed to the CM of PCB126-treated IS 3T3-L1 adipocytes,
suggesting insulin resistance development (1, 10, and 100 nM
PCB126, p<0:01; Figure 5H).

Effect of Direct or Indirect PCB126 Exposure on Glycolytic
Rate in IS and IR Adipocytes and Myotubes
Glycolysis in IS and IR adipocytes directly treated with PCB126.
To further study the effect of 24-h exposure to PCB126 on glucose
metabolism, we next determined whether the impaired glucose
uptake in IR adipocytes exposed to PCB126 could alter the glyco-
lytic rate (Figure 6). In accordance with the glucose uptake results,
a 24-h exposure to PCB126 did not alter the glycolytic rate in IS
adipocytes (Figure 6A), but the resting glycolytic rate andmaximal
glycolytic capacity were significantly lower in IR adipocytes
exposed to 1–100 nM PCB126 compared with the vehicle (for
1 nM, p=0:0008 and 0.0007; for 10 nM, p=0:0012 and 0.0018;
and for 100 nM, p=0:0029 and 0.0077, for resting and maximal
glycolytic capacity, respectively) (Figure 6B).

Glycolysis in C2C12 myotubes directly treated with PCB126
or treated with the CM of PCB126-treated adipocytes.Myotubes
exposed to CM from IS or IR adipocytes did not show any altera-
tion in resting or maximal glycolytic rates (Figure 6C,D).
Glycolytic rates in C2C12 myotubes were also not altered by
direct exposure to the pollutant (Figure S7).
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Figure 6. Glycolysis rates in 3T3-L1 adipocytes exposed to PCB126 in different insulin sensitivity conditions and in C2C12 exposed to the conditioned me-
dium (CM) of insulin sensitive (IS) and insulin resistant (IR) adipocytes treated with PCB126. (A,B) 3T3-L1 adipocytes were differentiated in IS (A) and IR
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cells were then treated with 600 ng=mL oligomycin to determine maximal glycolytic capacity (MGC). Data are presented relative to the vehicle as
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with 0 nM (one-way ANOVA with Fisher’s PLSD post hoc test). The exact mean and SEM values for data presented here can be found in Tables S20–S23.
Note: ANOVA, analysis of variance; PLSD, protected least significant difference; SEM, standard error of the mean.
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Effect of Direct or Indirect PCB126 Exposure on Oxidative
Stress Markers in IR Adipocytes and Myotubes
Expression of anti-oxidant enzymes in IR adipocytes directly
treated with PCB126. To better determine whether oxidative
stress may explain altered metabolism induced by PCB126 in IR
conditions, we measured the levels of ROS detoxification
enzymes in IR adipocytes after a 24-h exposure to PCB126. IR
adipocytes treated with 100 nM PCB126 had a significantly
higher expression of SOD2 (p=0:0288), whereas other oxidative
stress markers were not significantly different after PCB126 ex-
posure (Figure 7A–F).

Oxidative stress markers in C2C12 myotubes treated with
the CM of PCB126-treated IR adipocytes. Inmyotubes exposed to
the CM of PCB126-treated IR adipocytes, the levels of catalase and
SOD2 also tended to be higher compared with vehicle-treated cells,
but it did not reach significance (Figure 7G,J,L). The levels of other
ROS detoxification enzymes were not altered in myotubes exposed
to theCMof PCB126-treated IR adipocytes (Figure 7H,I,K,L).

Effect of Direct or Indirect PCB126 Exposure on the Active
Form of AMPK in IR Adipocytes and Myotubes
Expression of p-AMPK in IR adipocytes directly treated with
PCB126. To determine whether AMPK, a key regulator of
energy metabolism, was involved in the measured lower mito-
chondrial function and glucose uptake upon exposure to PCB126
in IR adipocytes, we measured the levels of the activated form of
AMPK (i.e., p-AMPK). IR adipocytes exposed to 100 nM
PCB126 had significantly lower levels of p-AMPK compared
with vehicle-treated cells (p=0:0078; Figure 8A,B).

Expression of p-AMPK in C2C12 myotubes treated with the
CM of PCB126-treated IR adipocytes. We then determined
whether the altered glucose uptake in C2C12 myotubes exposed
to the CM of PCB126-treated IR adipocytes was also linked to
lower AMPK activation. Curiously, in C2C12 myotubes exposed
to the CM of PCB126-treated IR adipocytes, p-AMPK levels
were significantly higher rather than lower compared with the ve-
hicle (p=0:011; Figure 8C,D).
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Discussion

Exposure to PCB126 has been associated with the development of
mitochondrial dysfunction in rat liver (Connell et al. 1999) and in
rat skeletal muscle tissue (Tremblay-Laganière et al. 2019), with
insulin resistance in 3T3-L1 adipocytes and in vivo in mice (Kim
et al. 2017), and with decreased basal glucose uptake in L6 myo-
tubes (Mauger et al. 2016). PCB126 is a lipophilic compound that
has been shown to increase inflammation in human preadipocytes
(Gadupudi et al. 2015; Gourronc et al. 2018), and increased adi-
pose tissue inflammation is one potential cause of insulin resistance
and mitochondrial dysfunction development in skeletal muscle, as
nicely reviewed by Guilherme et al. (2008) and Saltiel and Olefsky
(2017). The general objective of the present studywas to determine
the role of adipose-to-muscle communication in the development
of mitochondrial dysfunction and glucose metabolism alterations
in skeletal muscle when exposed to PCB126. Using an in vitro
model, we showed that PCB126 altered the expression/secretion of
adipokines and altered adipocyte mitochondrial function and glu-
cose uptake, especially when adipocytes were rendered insulin re-
sistant. These metabolic alterations were accompanied by higher
SOD2 levels, which are known to be involved in ROS detoxifica-
tion, and by lower activation of AMPK, an important metabolic
sensor. Furthermore, myotubes exposed to the CM of IR adipo-
cytes treated with PCB126 showed altered glucose uptake com-
pared with myotubes exposed directly to PCB126. However,
exposure of myotubes to the CM of PCB126-treated adipocytes
did not alter their mitochondrial function but increased p-AMPK
levels.

Effect of Preestablished Insulin Resistance on the Metabolic
Response of Adipocytes to PCB126 Treatment
One objective of this study was to determine the effects of insulin
resistance on the response of adipocytes to PCB126 exposure.
Indeed, exposure to pollutants induced more significant metabolic

defects in rodents developing obesity following a high-fat diet
compared with their lean counterparts (Gray et al. 2013; Lim et al.
2009). For example, PCBs exacerbated hyperinsulinemia and in-
sulin resistance in obese insulin resistant mice compared with
lean insulin sensitive mice (Gray et al. 2013), suggesting
increased sensitivity to pollutants when mice are already insulin
resistant. Of note, in contrast to IS adipocytes, IR adipocytes
exposed to PCB126 showed higher secretion of cytokines/adipo-
kines, including TNF-a, IL-6, leptin, adiponectin, and MCP-1.
These results suggested that preestablished insulin resistance in
adipocytes made adipocytes more sensitive to the toxic effect of
PCB126. This might be due to a better regulation of inflamma-
tory response in metabolically healthy adipocytes. The present
study focused on the effect of insulin sensitivity and PCB126 on
pro-inflammatory cytokines, but how insulin resistance and
PCB126 alter the secretion of anti-inflammatory cytokines such
as IL-10 and IL-13 is also of interest and should be explored in
future studies. Furthermore, it is important to note that, despite
previous reports showing lower adiponectin mRNA levels and
protein secretion in adipocytes exposed to coplanar PCBs
(Arsenescu et al. 2008; Gadupudi et al. 2015), in the present
study, adiponectin secretion was higher in IR adipocytes exposed
to PCB126. The differences between our study and others can be
due to a difference in the adipocyte model used (3T3-L1 vs.
human adipocytes), in the concentration of coplanar PCB used
(30–100 times lower in the present study), or the timing of PCB
treatment (in previous studies, adipocytes were treated with co-
planar PCBs during the whole differentiation process, whereas in
the present study, adipocytes were treated for only 24 h, when the
cells were already fully differentiated).

To the best of our knowledge, the effects of PCB126 exposure
on glucose metabolism and mitochondrial function in adipocytes
had never been studied. Therefore, the present study provides new
insight into the role of PCB126 in adipose tissuemetabolic dysfunc-
tion. The higher inflammation in IR adipocytes exposed to 100 nM
PCB126 was associated with lower glucose uptake. Mitochondrial
function and glycolysis were also lower in IR adipocytes exposed to
PCB126 at concentrations of as low as 1 nM, and those results did
not correspond to higher inflammation. Therefore, it seems that
higher inflammation was probably not the cause of altered mito-
chondrial function and glycolysis in IR adipocytes.More studies are
thus needed to better understand the mechanism by which PCB126
disrupts adipocyte energy metabolism. Importantly, exposure to
PCB126 did not alter these metabolic pathways in IS adipocytes,
showing that insulin sensitivity status might influence the response
of adipocytes to PCB126 exposure.

The altered glucose metabolism and mitochondrial function
in PCB126-treated IR adipocytes were associated with higher
adipokine secretion and higher levels of SOD2. Interestingly,
higher inflammation and oxidative stress are recognized as pro-
moting mitochondrial dysfunction and altering glucose metabo-
lism in adipocytes (Fazakerley et al. 2018; Manna and Jain 2015;
Paglialunga et al. 2015; Steinberg 2007). In the present study,
oxidative stress was estimated by measuring the levels of ROS
detoxification enzymes. To better study the role of PCB126 in the
development of oxidative stress in adipocytes, future studies
should explore the impact of PCB126 on other important players
in the modulation of oxidative stress, such as glutathione levels.

The negative effect of PCB126 on glucose metabolism and
mitochondrial function in IR adipocytes was also associated with
the lower activation of AMPK (i.e., its phosphorylation levels).
AMPK is an important metabolic sensor known to activate glu-
cose uptake independent of the insulin signaling pathway and to
increase mitochondrial activity (Crawford et al. 2010; Jäger et al.
2007). Previously, a link between lower AMPK activation and
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Figure 8. AMP-activated protein kinase (AMPK) levels in 3T3-L1 adipo-
cytes exposed to PCB126 in insulin resistant (IR) conditions and in C2C12
myotubes exposed to the conditioned medium (CM) of PCB126-treated IR
adipocytes. Levels of p-AMPK/AMPK in (A,B) 3T3-L1 adipocytes differen-
tiated in IR conditions and exposed for 24 h to 100 nM of PCB126 or (C,D)
C2C12 exposed to the CM of IR adipocytes exposed to 100 nM PCB126.
(A,C) Quantification by density analysis; (B,D) representative Western blots.
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higher inflammation was demonstrated in 3T3-L1 adipocytes
(Jung et al. 2018) and in the white adipose tissue of mice (Yang
et al. 2016; Zhao et al. 2018). Our results therefore suggest that
the lower glucose uptake and mitochondrial function in IR adipo-
cytes exposed to 100 nM PCB126 might be the result of an altera-
tion of the AMPK pathway because of higher inflammation/
oxidative stress.

Role of Adipocyte-Secreted Factors in the Development of
Muscle Cell Mitochondrial Dysfunction When Exposed to
PCB126
Despite the role of skeletal muscle in the maintenance of glucose
homeostasis, the effect of PCB126 or other environmental pollu-
tants on skeletal muscle energy metabolism has not been well
studied. High circulating levels of pollutants have been associ-
ated with decreased mitochondrial enzyme activity in human
skeletal muscle (Imbeault et al. 2002). Furthermore, our team
showed that PCB126 exposure in rats was associated with lower
mitochondrial function in muscle (Tremblay-Laganière et al.
2019), which was not reproduced when muscle cells were
directly exposed to the pollutant (Mauger et al. 2016). Here, we
tested whether the adipose-to-muscle communication in the con-
text of PCB126 exposure could induce mitochondrial dysfunction
in skeletal muscle. However, CM from PCB126-treated IS or IR
adipocytes did not alter mitochondrial function in C2C12 myo-
tubes. Therefore, with the present model, we cannot confirm that
the adipose-to-muscle communication was responsible for the
decreased mitochondrial function in muscle from rats exposed to
PCB126. Curiously, the activation of AMPK (i.e., p-AMPK lev-
els) was higher rather than lower in C2C12 myotubes exposed to
the CM of IR-treated adipocytes. Because AMPK is known to
activate mitochondrial function, it is possible that C2C12 myo-
tubes were able to maintain their mitochondrial function upon
CM exposure because of increased AMPK activity.

Direct Effect of PCB126 on Glucose Metabolism in Muscle
Cells
We have previously showed lower glycolytic function and glucose
uptake in L6 myotubes exposed for 24 h to PCB126 (Mauger et al.
2016). Moreover, exposure to a PCB mixture (Aroclor 1254) has
been shown to alter the skeletal muscle insulin signaling pathway
and GLUT4 translocation in rats (Williams et al. 2013). In the pres-
ent study, C2C12 or mouse primary myotubes directly exposed to
the same concentrations of PCB126 as in our previous study using
L6 myotubes (Mauger et al. 2016) showed no alteration of glucose
uptake and glycolytic rates. These different effects of PCB126
onmuscle cell glucosemetabolismmight be due tometabolic differ-
ences between L6, C2C12, and mouse primary myotubes. It is
known that C2C12 mytotubes lack insulin-responsive GLUT4
vesicles required for significant insulin-stimulated glucose uptake
(Tortorella and Pilch 2002), whereas L6 and primary mouse muscle
cells possess these vesicles (Robinson et al. 1993; Tortorella and
Pilch 2002). In addition, under conditions similar to ours (1 g=L
glucose and 2%FBS), C2C12myotubes expressed a greater propor-
tion of slow myosin heavy chains (Artaza et al. 2002; Miller and
Stockdale 1986; Miller 1990). Thus, C2C12 myotubes may have a
more oxidative metabolism than L6 myotubes. This hypothesis has
been confirmed in a recent study in which it was demonstrated that
L6 cells had lower mitochondrial and fatty acid oxidation capacities
than C2C12 cells while having higher emission of ROS (Robinson
et al. 2019). Future studies should therefore determine whether the
higher glycolytic capacity and higher ROS emission in L6 cells
exposed to PCB126may explain the fact that this muscle cell model
wasmore sensitive to PCB126 thanC2C12.

Role of Adipocyte-Secreted Factors in the Development of
Altered Muscle Cell Glucose Uptake When Exposed to
PCB126
Using the CM from PCB126-treated IR adipocytes, we showed
that the adipocyte secretome decreased basal glucose uptake in
C2C12 myotubes, whereas the CM from PCB126-treated IS adi-
pocytes altered insulin sensitivity in mouse primary myotubes.
Even if this altered glucose transport in myotubes was not associ-
ated with any alteration of the insulin signaling pathway, it is
possible that GLUT4 content/translocation or GLUT1 levels/
activity were affected. Further studies are thus needed to deter-
mine whether this altered glucose uptake was the result of an
alteration of the expression or activity of GLUT1 or GLUT4.

One player in adipose-to-muscle communication is an altered
secretion of fatty acids by adipose tissue (Rachek 2014), which
might be promoted by PCB exposure (Regnier and Sargis 2014)
or insulin resistance. However, in our model, the altered glucose
uptake in myotubes exposed to the CM of PCB126-treated IS and
IR adipocytes was probably not due to FFAs given that the lipol-
ysis rate was lower rather than higher in IS adipocytes exposed to
PCB126 and that the lipolysis rate was not altered in IR adipo-
cytes exposed to PCB126.

Adipose tissue inflammation may be another player in the de-
velopment of altered muscle glucose transport. Adipocytes
secrete adipokines involved in autocrine/paracrine and endocrine
functions. Adipokines alter metabolic responses locally in adi-
pose tissue, as well as in distant tissues, such as skeletal muscle,
as reviewed by Coles (2016), Luo and Liu (2016), and Scherer
(2006). Under healthy conditions, adipokines maintain energy
homeostasis, but dysregulation of adipokine secretion causes lip-
otoxicity in skeletal muscle (Coles 2016). In this sense, adipose
tissue dysfunction has been associated with increased inflamma-
tion, which may explain the association between obesity and the
increased risk of developing insulin resistance and type 2 diabe-
tes. Of note, in the present study, PCB126 promoted inflamma-
tion in IR adipocytes in association with lower basal glucose
uptake in myotubes exposed to IR adipocyte secretome. Similar
results were obtained when muscle cells were treated directly
with different adipocytokines, such as TNF-a, MCP-1, and IL-6
(Li et al. 2017; Sell et al. 2006). Taken together, the results from
the present study and others suggest that PCB126-induced
inflammation in adipose tissue might be responsible for the
decreased insulin response and lower basal glucose uptake in
muscle cells when exposed to PCB126 (Gadupudi et al. 2015;
Gourronc et al. 2018; Williams et al. 2013). Interestingly, treat-
ment with CM from hypoxia-treated 3T3-L1 adipocytes also
induced insulin resistance in C2C12 myotubes (Yu et al. 2011),
suggesting that different stressors might impact adipokine secre-
tion, which in turn alters muscle insulin sensitivity. On the other
hand, PCB126 treatment in IS adipocytes altered mRNA adipo-
nectin expression but did not affect the secretion of adiponectin
or other adipokines, suggesting that the effect of IS CM on myo-
tube insulin sensitivity might be due to secreted factors other
than the ones we measured in the present study. Further research
is thus needed to determine which factor(s) secreted by PCB126-
exposed IS adipocytes affected myotube insulin sensitivity. The
potential candidates include adipocytokines not measured in our
study (e.g., IL-1, IL-8, keratinocyte chemoattractant-1), metabo-
lites that could be differentially secreted by adipocytes when
exposed to PCB126, as well as micro-RNAs.

Limitations
Our conclusions are limited by our model, which studied a one-
way communication between adipocytes and myotubes using cell
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cultures in vitro. We acknowledge that this model does not fully
represent what happens in an organism where the crosstalk
between muscle and adipose tissue may also regulate metabolism
(Bogdanowicz and Lu 2013; Li et al. 2017; Pandurangan et al.
2012). Our model was appropriate for our objectives in determin-
ing the role of PCB126 on adipokine secretion from adipocytes
and how this altered muscle energy metabolism. However, it
needs to be considered as an isolated system that possesses some
limitations. Indeed, at the whole-body level, PCBs will also alter
the secretion of cytokines and the production of ROS from other
tissues and cell types, such as the liver, immune cells, and endo-
thelial cells (Cocco et al. 2015; Lim et al. 2009; Tremblay-
Laganière et al. 2019), which can then also alter muscle metabo-
lism. Moreover, in vivo, PCBs might be metabolized by the liver,
something that was not taken into account in our model. Last, our
study focused on a PCB126 concentration (100 nM) that was
higher than estimated environmental exposures, which may limit
the generalization of our results. However, we studied the acute
effect of a single pollutant (i.e., exposure for 24 h to PCB126),
whereas humans are chronically exposed to several pollutants
that may act in a similar fashion to PCB126. Further studies are
thus required to determine whether exposure to a mix of pollu-
tants for a longer period shows similar effects on adipose tissue
metabolism and on adipose-to-muscle communication.

Conclusion
We have demonstrated that PCB126 promoted inflammation and
metabolic defects in 3T3-L1 adipocytes in relation with
decreased AMPK activity, particularly when those cells were al-
ready insulin resistant before exposing them to the pollutant.
Moreover, our data suggest that the alteration of glucose uptake
and the insulin response in skeletal muscle in response to
PCB126 treatment was the result of PCB126-induced inflamma-
tion in adipose tissue. More broadly, our study shows the impor-
tance of the cross-talk between adipose tissue and skeletal muscle
in the development of muscle insulin resistance.
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